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SUMMARY 

The Kirchhoff i n t e g r a l  formulat ion,  which is o f t e n  app l i ed  i n  ae roacous t i c  
problems involving radi 'at ion from s u r f a c e s ,  is evaluated f o r  its e f fec t iveness  
i n  q u a n t i t a t i v e l y  p r e d i c t i n g  t h e  sound radiated from an o s c i l l a t i n g  a i r f o i l  
whose chord length  is comparable w i t h  t he  a c o u s t i c  wavelength. 
s e c t i o n  was o s c i l l a t e d  a t  small amplitude i n  a medium a t  rest t o  produce t h e  
sound f i e l d .  Simultaneous amplitude and phase measurements were made of surface-  
pressure  and sur face-ve loc i ty  d i s t r i b u t i o n s  and the  a c o u s t i c  free f i e l d .  Mea- 
sured su r face  pressure and motion are used i n  applying t h e  theory ,  and a i r f o i l  
th ickness  and contour are taken i n t o  account.  The resu l t  of t h e  i n v e s t i g a t i o n  
was t h a t  theory overpredicted the  sound pressure l e v e l  by 2 t o  5 dB, depending 
on d i r e c t i o n .  Differences were a l s o  noted i n  t h e  sound-field phase behavior.  

A r i g i d  a i r f o i l  

INTRODUCTION 

The determinat ion of sound i n  a bounded region due t o  f l u c t u a t i n g  loading 
a c t i n g  over a boundary w a s  first given by Kirchhoff (ref. 1)  i n  h i s  i n t e g r a l  
formulat ion of Huygens' p r i n c i p l e .  Curle (ref. 2) a p p l i e d  Kirchhoff ' s  r e s u l t s  
t o  extend L i g h t h i l l ' s  genera l  theory  of aerodynamic sound ( ref .  3 )  t o  incorpo- 
rate the inf luence  of s o l i d  boundaries upon the  sound f i e ld .  Ffowcs W i l l i a m s  
and Hawkings ( ref .  4 )  genera l ized  C u r l e ' s  formulat ion t o  a l low f o r  a r b i t r a r y  
convect ive motion of a su r face .  

The aeroacous t ic  formulat ions have received wide  a p p l i c a t i o n .  However, i n  
most p r a c t i c a l  problems of i n t e r e s t  t h e i r  use inva r i ab ly  involves  assumptions i n  
order  t o  reduce t h e  equat ions t o  tractable forms. A customary assumption f o r  
problems i n  which bodies  - a i r f o i l s ,  i n  p a r t i c u l a r  - encounter subsonic flow o r  
undergo subsonic motions is  t h a t  the  l i n e a r  su r face  terms of v e l o c i t y  and pres- 
s u r e  dominate the  production of t h e  sound f i e l d ,  whereas t h e  con t r ibu t ions  from 
L i g h t h i l l ' s  quadrupole term and t h a t  of su r f ace  v i s c o s i t y  are n e g l i g i b l e  i n  com- 
par i son  (e .g . ,  refs. 5 t o  14) .  With t h i s  assumption the  ae roacous t i c  equat ions 
reduce t o  Kirchhoff i n t e g r a l  formulat ions.  

The purpose of t he  present  s tudy  is t o  examine experimental ly  t h e  appli'ca- 
b i l i t y  of Ki rchhoff ' s  formulat ion i n  p red ic t ing  the  radiated sound from an air- 
f o i l  undergoing a p a r t i c u l a r  type  of o s c i l l a t o r y  motion. 
by the  lack  of d e f i n i t i v e  experimental  data i n  t he  l i t e r a t u r e  e s t a b l i s h i n g  
d i r e c t l y  t h a t  Kirchhoff ' s  formulat ion provides  t h e  q u a n t i t a t i v e  r e l a t i o n s h i p  
between the  l i n e a r  su r face  terms and the  a c o u s t i c  f i e l d .  Previous experimental  
s t u d i e s  of a i r f o i l  no i se  employing t h e  theory (e.g., refs. 11 t o  14) i n t r i n s i -  
c a l l y  involved f a c t o r s  which complicate t he  i n t e r p r e t a t i o n  of the  sound f i e l d ,  
such as the  presence of t u r b u l e n t  and sheared f l o w  and complex d i s t r i b u t i o n  of 
su r face  pressure  amplitude and phase. Also, t he  determinat ion of  t he  surface-  
p re s su re  d i s t r i b u t i o n  has normally involved t h e  use of a i r fo i l  theory  rather 
than direct measurement. Such a p p l i c a t i o n s  of  the Kirchhoff formulat ion have 
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n o t  always produced va lues  t h a t  are i n  good q u a n t i t a t i v e  agreement w i t h  the 
no i se  determined exper imenta l ly .  

An experimental  approach which provides  a c o n t r o l l e d  method of i n v e s t i g a t -  
i n g  the  r e l a t i o n s h i p  between su r face -ve loc i ty  and sur face-pressure  d i s t r i b u t i o n s  
and the r e s u l t a n t  a c o u s t i c  f i e l d  is described h e r e i n .  The n o i s e  source  is a 
symmetrical a i r f o i l  s e c t i o n  which is o s c i l l a t e d  a t  small amplitudes about its 
c e n t e r  o f  g r a v i t y  by a resonant  v i b r a t o r y  system. 
son, tests were conducted i n  a s t a t i o n a r y  medium (no a i r f l o w ) ,  and only  a c o u s t i c  
pure tones  were genera ted  by the  body. For t he  two p a r t i c u l a r  f r equenc ie s  exam- 
i n e d ,  301 and 477 Hz, t h e  45.72-cm (18.0-in.) chord a i r f o i l  was n o t  small com- 
pared w i t h  the  a c o u s t i c  wavelength. These f r equenc ie s  were chosen because i n  
t y p i c a l  ae roacous t i c  problems t h e  f r equenc ie s  o f  i n t e r e s t  f r e q u e n t l y  correspond 
t o  wavelengths on the  o rde r  o f  t h e  chord l e n g t h  (see refs. 15 and 16) .  

To a l low d e f i n i t i v e  compari- 

Simultaneous amplitude and phase measurements were made o f  t he  v e l o c i t y  
and p res su re  d i s t r i b u t i o n s  on the  a i r f o i l  s u r f a c e  and o f  t he  a c o u s t i c  free 
f i e l d .  The measured s u r f a c e  va lues  o f  v e l o c i t y  and p res su re  are used i n  t h e  
theo ry ,  w i t h  a i r f o i l  t h i ckness  and contour taken i n t o  account ,  t o  p red ic t  t he  
phase and amplitude of the  a c o u s t i c  free f i e l d .  D i f f e rences  are noted between 
the  p red ic t ed  and experimental  va lues  o f  t he  sound-field amplitude and phase. 

SYMBOLS 

Values are given i n  both S I  Uni t s  and U . S .  Customary Uni t s .  Measurements 
andl c a l c u l a t i o n s  were made i n  U.S. Customary Uni t s .  Except when noted, s u r f a c e  
and sound p res su res  are presented i n  d e c i b e l s  (dB = 20 l o g  (prms/pref), where 
pref = 20 pPa (2 x dyn/cm2) 1. 

b a i r fo i l  semichord 

C speed of sound i n  f l u i d  medium a t  rest 

F i  f o r c e  per  u n i t  area exer ted  on f l u i d  by s o l i d  boundary S i n  
x i - d i r e c t i o n  

f t e s t  frequency, Hz 

G d e n s i t y  o f  volume source func t ion  i n t e r n a l  t o  domain V 

g a c c e l e r a t i o n  due t o  g r a v i t y  

H dens i ty  of volume source func t ion  e x t e r n a l  t o  domain V 

i = + I  

E 

s 
k wave number, W / c  

2 

unit  vec to r  i n  X I -  or y l - d i r e c t i o n  

u n i t  vec to r  i n  x2- o r  y2-d i rec t ion  



ko,k,,k, see equat ion  (B5) 

2 u n i t  vec to r  i n  x3- o r  y3-d i rec t ion  

a 

M r  

ii 

Pm 

P 

Po 

P '  

r 

r' 

S 

SPP , SPV 

T i  j 

t 

il 
V 

v' 

3 

a 

B 

6 

6 i  j 

semispan 
+ + +  component of Mach vec to r  i n  d i r e c t i o n  of r ,  r v / r c  

u n i t  normal vec to r  t o  s u r f a c e  (drawn outward from s u r f a c e  i n t o  f l u i d )  

s p e c i f i e d  complex s u r f a c e  p re s su re  amplitude a t  element m 

abso lu t e  p re s su re  

mean value of p re s su re  i n  medium 

gage p res su re ,  p - po 

= 1; - 
vector  between observa t ion  po in t  and source  p o i n t ,  

s u r f a c e  of body 

- y' 

see equation (7)  

L i g h t h i l l ' s  stress t enso r  

observer t i m e  

f l u i d  v e l o c i t y  i n  t he  $-frame 

volume region 

v e l o c i t y  of any p o i n t  f i x e d  i n  t h e  2-frame, 

su r face  normal v e l o c i t y ,  

$(?,T)/~T 

v' - fi 

observer  p o s i t i o n  vec to r  

source  p o s i t i o n  vec to r ,  5 + IT ?<?,T> d.r ( t h e  $- and ?-frames are 

assumed t o  co inc ide  a t  source  time T = 0) 

angular  displacement of a i r f o i l  i n  o s c i l l a t o r y  motion 

sound-field d i r e c t i v i t y  ang le  (see f igs .  4 and B1) 

Dirac delta func t ion  

Kroneck'er delta ( 6 i j  = 1 f o r  i = j ;  6 i j  = 0 f o r  i # j )  

3 
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u n i t  height of a i r f o i l  segment (see fig.  B1) 

coord ina te  system a f f i x e d  t o  body 

s l o p e  o f  a i r f o i l  segment (see f ig .  B1) 

angle  between fi and r' (see f ig .  1 )  

u n i t  chord pos i t i on  of  a i r f o i l  segment (see f i g .  B1) 

ins tan taneous  value of dens i ty  

time-averaged value of  d e n s i t y  i n  medium 

viscous stress tensor  

emission time of  source 

scalar p o t e n t i a l s  

phase ang le  of surface a c c e l e r a t i o n  a t  l ead ing  edge 

phase angle  of su r face  p re s su re  

phase angle of  sound pressure  i n  a c o u s t i c  f i e l d  

angular  frequency, rad/sec 

Laplacian ope ra to r ,  - + - + - a2 a2 a2 

aY12 aY22 aY32 

a +  a A  d i f f e r e n t i a l  ope ra to r ,  - a .  1 + - J + - k  
ay 1 ay2 ay3 

r value wi th in  is taken a t  a retarded time T = t - - 
C 

Subscr ip ts :  

b bottom of a i r fo i l  segment (see f ig .  B1) 

i , j  components of  a vec tor  o r  summation i n d i c e s  

m p a r t i c u l a r  element of the  a i r f o i l  equiva len t  model (see f ig .  B l )  

ref cons t an  t reference  value I 
r m s  root-mean-square value 

t top  of  a i r f o i l  segment (see f ig .  B l )  
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THEORY 

The aerodynamic sound generated from a region which inc ludes  r i g i d  s u r f a c e s  
i n  a r b i t r a r y  convective motion is given by Ffowcs W i l l i a m s  and Hawkings i n  ref- 
erence 4. 
a t  pos i t i on  x’ and t i m e  t i n  terms of  space and t i m e  d e r i v a t i v e s  of su r face  
and volume i n t e g r a l s  over source region 
f i g u r e  1 ,  t h e  so lu t ion  is (from ref. 4) 

The so lu t ion  relates t h e  a i r  dens i ty  f l u c t u a t i o n  P - Po = P(x’ , t>  - Po 
f .  For t h e  coordinate  system shown i n  

I n  the  volume i n t e g r a l ,  T i j  is L i g h t h i l l ’ s  f l u i d  stress tensor  r e l a t e d  by 

T i j  = P U i U j  + 6 i j [ (p  - PO) - c2(p - PO)] - a i j  

The Reynolds s t r e s s  term P u i u j  is  usua l ly  taken as  PoUiUj f o r  low Mach num- 
ber flow. r ep resen t s  t he  effect of hea t  
conduction, which is considered very small f o r  low Mach number flow. The term 
C T i j  

The term 6 i j [ ( p  - pol - c2(p - pO)] 

is t h e  v iscous  s t r e s s  t enso r .  

I n  t h e  su r face  i n t e g r a l s ,  t h e  surface f o r c e  per  u n i t  a r e a  F i  is  given by 

F i  = n i ( p  - P O )  - n j U i j  ( 3 )  

where n i  is t h e  i t h  component of 6, which is  the  u n i t  su r f ace  normal ( p o s i t i v e  
from su r face  i n t o  t h e  f l u i d ) .  The term vn is the  normal su r face  ve loc i ty .  

Equation ( 1 )  reduces t o  tha t  obtained from Cur le ’s  a n a l y s i s  ( r e f .  2 )  when 
su r face  convection is  not  a f a c t o r .  Equation ( 1 )  is regarded as a complete and 
exac t  desc r ip t ion  of t he  sound f i e l d .  

The app l i ca t ion  of  equat ion ( 1 )  t o  determine the  sound produced f o r  a 
p a r t i c u l a r  problem i n v a r i a b l y  involves  assumptions,  because the  requi red  flow 
parameters normally can only be spec i f i ed  t o  a l i m i t e d  e x t e n t .  Consider a s l en -  
der body, such as an a i r f o i l  s e c t i o n ,  producing sound due t o  its own motion 
and/or i ts reac t ion  t o  an encounter w i t h  a complicated subsonic f l o w  p a t t e r n .  
An important assumption f o r  many a p p l i c a t i o n s  is t h a t  the sound is dominated 
by that produced by the n e t  l o c a l  f o r c e  on the  body and the  motion of t h e  body. 
The primary argument used t o  j u s t i f y  t h i s  assumption f o r  p a r t i c u l a r  ca ses  is 
t h a t  t he  quadrupole-type no i se  source mechanism, represented  by the  volume i n t e -  
gral of equat ion (11 ,  is less e f f i c i e n t  than the d ipole-  and monopole-type mech- 
anisms, as represented i n  the su r face  i n t e g r a l s .  

If ,  i n  add i t ion  t o  ignor ing  the con t r ibu t ion  of t h e  volume i n t e g r a l ,  one 
a l s o  neg lec t s  i n  equat ion ( 1 )  t h e  v iscous  components of  t he  surface fo rce ,  then  
t h e  sound f i e l d  may be descr ibed by the fol lowing equat ion:  

5 



as  shown by F a r a s s a t  (ref.  9 ) .  I n  equat ion  (41 ,  p ' ( 2 , t )  is the  a c o u s t i c  pres- 
s u r e  at t h e  observer ;  w i th in  t h e  i n t e g r a l s ,  
''gagett pressure .  

p' = p(z,-r) - po is  t h e  s u r f a c e  

If t h e  s u r f a c e  is s t a t i o n a r y  or is undergoing solid-body v i b r a t o r y  motion 
o f  small amplitude,  where lvnl << c,  equat ion  (4 )  may be s impl i f i ed  t o  

where 
2-coordinafe a f f i x e d  t o  the  body. 
(See appendix A . )  

Sfav , t he  average va lue  o f  source coord ina te  ?(?,TI, co inc ides  w i t h  t he  
Equation ( 5 )  is Kirchhoff s i n t e g r a l  formula. 

MEASUREMENTS 

Descr ip t ion  

Apparatus.- A ske tch  of the  experimental  a i r f o i l  model is shown i n  f i g u r e  2 .  
The r i g i d  symmetrical NACA 0012 aluminum a i r f o i l  s e c t i o n  (thickness-to-chord r a t i o  
o f  0.12) had a chord o f  45.72 cm (18.0 i n . )  and a span of 30.48 c m  (12.0 i n . ) .  
The a i r f o i l  was p a r t  of a resonant  t o r s i o n a l  v i b r a t i o n  sys t en  which a l s o  
included t o r s i o n a l  bars w i t h  i n e r t i a  d i s k s .  The system was designed t o  produce 
a s i n u s o i d a l  o s c i l l a t i o n  of c o n t r o l l a b l e  amplitude about t h e  c e n t e r  of g r a v i t y  
of the a i r f o i l  s e c t i o n ,  l oca t ed  19.05 c m  (7.50 i n . )  from t h e  l ead ing  edge o f  t h e  
a i r f o i l .  A s  i l l u s t r a t e d  i n  figure 2 ,  t he  v i b r a t i o n a l  mode used was such t h a t  t h e  
t o r s i o n a l  motion a t  t he  two d i s k s  was 1800 o u t  of phase w i t h  t h e  r i g i d - a i r f o i l  
r o t a t i o n a l  motion. T h i s  mode was generated and maintained by inpu t  suppl ied  a t  
one of t h e  i n e r t i a  d i s k s  by an o rd ina ry  shaker u n i t  (15.2 cm (6 .0  i n . )  i n  diame- 
ter and 15.2 cm long)  whose amplitude and frequency were c o n t r o l l e d  by a fre- 
quency gene ra to r  and a power supply.  

For t h e  tests two sets o f  27.94-cm (11.0-in.) long t o r s i o n a l  bars w i t h  
i n e r t i a  d i s k s  having diameters o f  30.48 cm (12.0 i n . )  and 19.38 cm (7.63 i n . )  
were used, and each produced the  described mode a t  d i f f e r e n t  t un ing  f r equenc ie s ,  
which were r e s p e c t i v e l y  301 Hz and 477 Hz. A photograph o f  t h e  experimental  
model i n  t h e  301-Hz conf igu ra t ion  is shown i n  f i g u r e  3. Pretest  acce lerometer  
surveys  v e r i f i e d  t h e  mode shape o f  t h e  s i n u s o i d a l  motion. 

The tests were conducted i n  t h e  Langley anechoic n o i s e  f a c i l i t y .  The chamber 
is  approximately 7.6 m (25 f t )  long ,  7.6 m (25 f t )  wide,  and 7.0 m (23  f t )  high.  
F igure  4 shows the  a i r f o i l  tes t  assembly suspended from the c e i l i n g  i n  t h e  
chamber. The c e n t e r  o f  the  a i r f o i l  span w a s  pos i t i oned  1.83 m (6 .0  f t )  from 
t h e  a c o u s t i c  wedges of t h e  f l o o r  and about  2.1 m ( 7  f t )  from t h e  wedges o f  t h e  

6 



n e a r e s t  w a l l .  
diameter steel rod secured a t  t h e  shaker armature and a t  an  o f f - cen te r  p o s i t i o n  
on the  i n e r t i a  d i s k .  I n  a d d i t i o n  t o  t r a n s m i t t i n g  the s i n u s o i d a l  i n p u t  ( la teral  
rod displacement on the  o rde r  o f  t y p i c a l l y  10-3 cm) t o  t h e  resonant  v i b r a t o r y  
system, the  placement of t h e  rod prevented assembly misalignment and sway from 
its v e r t i c a l  p o s i t i o n .  

The shaker was connected t o  the a i r fo i l  assembly by a small- 

Instrumentation.-  A 2-g (0.0643-02) p i e z o e l e c t r i c  acce lerometer  was used 
t o  determine t h e  r i g i d - a i r f o i l  motion. The accelerometer was mounted i n  an  
ins t rument  module and pos i t i oned  4.92 c m  (1.94 i n . ) ,  measured chordwise, from 
t h e  l ead ing  edge. 
through the  c e n t e r  o f  a t o r s i o n a l  bar  i n  such a way as  t o  minimize ex t raneous  
s i g n a l  no i se  due t o  v i b r a t i o n .  

A l l  w i r ing  from t h e  module led  o u t  o f  t h e  test  assembly 

To measure the  sound f i e ld ,  fou r t een  0.635-cm (0.25-in.) diameter and two 
1.27-cm (0.5-in.)  diameter, s tandard  condenser free-field microphones were used. 
The 16 microphones were pos i t i oned  on a 2.44-m ( 8 - f t )  r a d i u s  microphone boom. 
A s  shown i n  the  plan view of f i g u r e  4 ,  t h e  microphones were placed a t  1 2 O  i nc re -  
ments t o  cover a range o f  d i r e c t i v i t y  ang le  8 of  180O. 
t i o n  the  microphone diaphragm i n  the  plane perpendicular  t o  t he  a i r f o i l  s u r f a c e  
a t  the  midspan wi th in  1.3 c m  (0.5 i n . )  and a t  a 2 . 2 1 0 4  (7 .25- f t )  r a d i u s  from 
t h e  a i r f o i l  cen te r  of o s c i l l a t i o n  wi th in  0.3 c m  (1/8 i n . ) .  

Care w a s  taken t o  posi-  

The a i r f o i l  sur face-pressure  d i s t r i b u t i o n  was determined w i t h  p i ezo res i s -  
t i v e  s i l i c o n  p res su re  t r ansduce r s  ( ref .  17) .  The devices  were chosen because 
of t h e i r  low a c c e l e r a t i o n  s e n s i t i v i t y ,  small s i z e ,  and e x c e l l e n t  long-term sens i -  
t i v i t y  and phase s t a b i l i t y .  The 0.3175-cm (1/8-in.)  diameter diaphragm of t h e  
t r ansduce r  has its first resonant  frequency a t  70 kHz, and w i t h  a IO-V dc e x c i t a -  
t i o n  vo l t age ,  t he  t ransducer  s e n s i t i v i t y  is  -117 d B ( r e f .  1 V)/Pa.  

E ight  f ixed-pos i t ion  t r ansduce r s  and one va r i ab le -pos i t i on  t ransducer  mea- 
sured  t h e  s u r f a c e  pressure .  
t r ansduce r s  were f l u s h  mounted on the  instrument module. These t r ansduce r s  were 
l o c a t e d  3.175 cm (1.25 i n . )  from t h e  midspan and were pos i t i oned  a t  1 .4 ,  9 .7 ,  
21.2,  31.9, 48.6, 61.8, 78.1, and 38.9 percent  of t h e  chord, measured from t h e  
l ead ing  edge (chord length :  45.72 c m  (18.0 i n . ) ) .  

On one s i d e  of t h e  symmetrical a i r f o i l ,  t h e  f i x e d  

The spanwise sur face-pressure  d i s t r i b u t i o n  w a s  examined by a t r ansduce r  
cemented t o  a t h i n  steel plate which, i n  t u r n ,  was bonded a t  each chosen posi-  
t i o n .  
was e leva ted  0.318 cm (118 i n . )  above the  a i r f o i l  s u r f a c e .  Although t h i s  eleva- 
t i o n  precluded direct  sur face-pressure  measurement, the  spanwise d i s t r i b u t i o n  of 
s u r f a c e  p re s su re  amplitude and phase was . accu ra t e ly  determined by r e fe renc ing  
data obtained t o  va lues  measured a t  flush-mounted t r ansduce r  l o c a t i o n s .  The 
movable t ransducer  was pos i t i oned  a long  t h e  span i n  l i n e  w i t h  t h e  21.2-, 78. I - ,  
and 88.9-percent-chord flush-mounted t ransducer  l o c a t i o n s .  These p o s i t i o n s  were 
a t  10.4, 25.0, 33.3, and 41.7 pe rcen t  of t h e  span, measured from the span c e n t e r  
l i n e .  The 10.4-percent-span p o s i t i o n s  (3.175 c m  (1.25 i n . )  from the  midspan) 
were spanwise symmetrical t o  t h e  flush-mounted t ransducer  l o c a t i o n s .  An addi -  
t i o n a l  p o s i t i o n  employed was a long  the  l i n e  of the  flush-mounted t r ansduce r  a t  
l o c a t i o n s  97.2 percent  o f  t h e  chord, measured from t h e  l ead ing  edge. 

A s  a r e s u l t  of t h i s  surface-mounting technique, t h e  t r ansduce r  diaphragm 
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Experimental Procedure and C a l i b r a t i o n s  

Instrument c a l i b r a t i o n s . -  For t h e  sur face-pressure  t r ansduce r s  the  ou tpu t  
vo l t age  s i g n a l  e is the sum of t h e  combined s i g n a l s  due t o  p re s su re  p and 
a c c e l e r a t i o n  a a t  t h e  diaphragm. The vo l t age  output  r a t i o  is  

where p and a ,  and t h u s  e, are complex q u a n t i t i e s ,  w i t h  t he  amplitude and 
phase dependent on experimental  cond i t ions .  The r e fe rence  vo l t age  eref is 
determined by a chosen r e fe rence  p res su re  pref. The va lue  of the  r a t i o  Sa/Sp 
has been determined by a two-part l a b o r a t o r y  c a l i b r a t i o n  on a random sample of 
f o u r  p re s su re  t r ansduce r s .  The p re s su re  s e n s i t i v i t y  Sp was found by an  acous- 
t i c  c a l i b r a t i o n ,  and t h e  a c c e l e r a t i o n  s e n s i t i v i t y  perpendicular  t o  t he  diaphragm 
plane  
s u r e  o f  667 Pa ( 5  mm H g ) )  . Sa was determined f o r  t h e  t r ansduce r s  i n  a vacuum (an  atmospheric pres- 

A range of cond i t ions  was considered up t o  a frequency of 2 kHz, up t o  an 

was 0.506 (mV/g)/(mV/Pa) w i t h  a s tandard  d e v i a t i o n  of 
The va lue  was independent of frequency and l e v e l s  of a c c e l e r a t i o n  and 

r m s  a c c e l e r a t i o n  l e v e l  of 15g, and up t o  a sound p res su re  l e v e l  of 150 dB. The 
average va lue  o f  Sa/Sp 
0.069. 
p re s su re .  

I n  a d d i t i o n  t o  t h e  ins t rumenta t ion- labora tory  c a l i b r a t i o n  f o r  t h e  sur face-  
p re s su re  t r ansduce r s ,  on - s i t e  amplitude and phase c a l i b r a t i o n s  were conducted 
f o r  t he  acce lerometer ,  microphones, and sur face-pressure  t r ansduce r s  p r i o r  t o  
and dur ing  the  data a c q u i s i t i o n  period. The c a l i b r a t i o n  ins t ruments  inc luded  
a lOO-Hz, I g r m s  v i b r a t i o n  c a l i b r a t o r ,  a 114-dB sound-level c a l i b r a t o r ,  and a 
microphone-transducer a c o u s t i c  c a l i b r a t o r  whose c a l i b r a t i o n  frequency is' deter- 
mined by a frequency gene ra to r .  The ou tpu t s  of these c a l i b r a t o r s  as a func t ion  
of frequency and sound l e v e l  were compared w i t h  t he  ou tpu t s  of s e v e r a l  calibra- 
t o r s  of d i f f e r e n t  t y p e s ,  and agreement was found. 

The acce lerometer  s i g n a l  was determined t o  be i n  phase w i t h  t he  accelera- 
t i o n .  Routine amplitude c a l i b r a t i o n s  inco rpora t ed  a s u b s t i t u t e  acce lerometer  
of t h e  same type .  Cross c a l i b r a t i o n s  were made between t h e  accelerometer and 
its s u b s t i t u t e  a t  the beginning and end of t h e  test  program. 

The s i g n a l s  from the  sur face-pressure  t r ansduce r s  were found t o  be i n  
phase w i t h  the p res su re  and a c c e l e r a t i o n  v a r i a t i o n s .  
matched wi th in  l o  a t  both 301 Hz and 477 Hz. Amplitude c a l i b r a t i o n s  were con- 
ducted p r i o r  t o  each series of tests f o r  301 Hz and 477 Hz a t  120 dB. No mea- 
s u r a b l e  change occurred i n  the  pressure- t ransducer  c a l i b r a t i o n  du r ing  the  exper i -  
mental study. 

The t r ansduce r s  were phase 

Because o f  the condenser-microphone and p reampl i f i e r  c i r c u i t r y ,  the  s i g n a l s  
from t h e  microphones were i n v e r t e d  w i t h  r e s p e c t  t o  t h e  a c o u s t i c  p re s su re  a t  t h e  
diaphragms. The phase c a l i b r a t i o n s ,  which incorpora ted  t h e  same a c o u s t i c  cali- 
b r a t o r  used f o r  the sur face-pressure  t r ansduce r s ,  showed tha t  t h e  microphones 
were phase matched w i t h i n  a standard d e v i a t i o n  of 2.3O f o r  301 Hz and w i t h i n  a 
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s tandard  dev ia t ion  of 6.20 f o r  477 Hz. 
t i o n s  revea led  less than a 0.25-dB v a r i a t i o n  i n  t h e  c a l i b r a t i o n s  f o r  any one 
m i  c r o  phone. 

The r o u t i n e  114-dB amplitude calibra- 

-- Anechoic chamber c a l i b r a t i o n . -  The q u a l i t y  of t h e  a c o u s t i c  f i e l d  was exam- 
ined  f o r  the  two pure-tone f r equenc ie s  of i n t e r e s t  w i t h  t he  use of an appa ra tus  
(ref.  18) which s imula tes  an ideal a c o u s t i c  po in t  source.  The source  emission 
o f  the  appa ra tus  is  from a small-diameter opening o f  a necked-down tube .  

For the  tests t h e  a i r f o i l  assembly and shaker were removed from the  chamber 
and the  a c o u s t i c  d r i v e r  of the  c a l i b r a t o r  appa ra tus  was secured t o  t he  shaker 
s t and .  The source was pos i t i oned  i n  t he  c e n t e r  of the vacated airfoil  assembly 
r eg ion ,  e q u i d i s t a n t  t o  the 16 microphones. The r e s u l t s  o f  the  t e s t  are shown 
i n  f i g u r e  5, where t h e  d i r e c t i v i t y  of t h e  source as found by t h e  microphones is 
p l o t t e d  i n  terms o f  sound p res su re  l e v e l  and phase a g a i n s t  microphone p o s i t i o n  
( the  ang le  6) .  The phase was determined by r e f e r e n c i n g  t h e  microphone s i g n a l s  
t o  the  a c o u s t i c  d r i v e r  i n p u t  s i g n a l .  The d e v i a t i o n  shown from t h e  mean va lues  
of sound p res su re  l e v e l  and phase i n d i c a t e s  the  q u a l i t y  of the a c o u s t i c  f i e l d .  

The r e s u l t s  show anechoic behavior f o r  t h e  test  f r equenc ie s  wi th in  f l  dB 
sound p res su re  l e v e l  and +120 phase (except  f o r  resul ts  of one microphone). 
flagged symbols i n d i c a t e  t h a t  t h e  phase was uns t ab le  f o r  t h e  microphone a t  
f3 = 1 3 2 O .  The data f o r  t h e  microphone a t  f3 = 1560 are no t  included i n  f ig- 
u r e  5 because the  microphone was replaced dur ing  the  experimental  program. 

The 

Data a c q u i s i t i o n  and reduction.-  For t h e  tests t h e  s i n u s o i d a l  s i g n a l s  from 
a l l  instruments were a p p r o p r i a t e l y  conditioned f o r  r eco rd ing  on a l b t r a c k  FM 
analog tape  recorder  which was opera ted  such t h a t  it had a f l a t  frequency 
response up t o  10 kHz. 

The primary ins t ruments  used t o  reduce t h e  recorded c a l i b r a t i o n  and exper i -  
mental data were two graphic l e v e l  r eco rde r s  and a phase meter. To enhance sta- 
b i l i t y  of t he  phase measurements, i t  was found convenient t o  employ two matched 
dynamic t r a c k i n g  f i l t e r s .  The frequency was tuned by the  accelerometer s i g n a l  
and t h e  frequency bandwidth used was 20 Hz. The accelerometer s i g n a l  was used 
t o  determine t h e  motion o f  the  r i g i d  a i r f o i l  s e c t i o n  and a l s o  as a phase refer- 
ence f o r  a l l  p re s su re  t ransducer  and microphone s i g n a l s .  Determination of t h e  
su r face  p re s su re  amplitude and phase incorpora ted  t h e  use  of equat ion  ( 6 ) .  

R e s u l t s  

Surface-pressure. and a i r fo i l -mot ion  measurements.- Four cases are consid- 
ered. For a frequency o f  301 Hz, t h e  test a i r f o i l - s e c t i o n  motion produced r m s  
a c c e l e r a t i o n s  o f  2.99g and 9.44g a t  t h e  accelerometer l o c a t i o n .  
t i o n s  borrespond, r e s p e c t i v e l y ,  t o  peak angular  displacements a of  82.1 prad 
and 259.3 prad. For a frequency o f  477 Hz, t he  r m s  a c c e l e r a t i o n s  were 2.828 
and 8.91g, which correspond to  a va lues  o f  30.8 prad and 97.6 prad, respec- 
t i v e l y .  For r e fe rence  it is noted tha t  t he  maximum o s c i l l a t o r y  displacement 
was located at  the t r a i l i n g  edge, where the r m s  va lue  w a s  0.049 mm ( 1.93 x 10-3 
i n . )  f o r  t he  9.44g case. 

These accelera- 

Thus the  maximum o s c i l l a t o r y  v e l o c i t y  corresponds t o  
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a v e l o c i t y  of  0.131 m / s  (0.429 f t /sec),  which meets stated requirements f o r  t h e  
v a l i d i t y  of equat ion ( 5 ) .  

The r e s u l t s  for the eight flush-mounted p res su re  t ransducers  are given i n  
table 1. Presented are t h e  s u r f a c e  p re s su res  and the  phases by which t h e  s inu-  
s o i d a l  pressures  lead the  su r face  a c c e l e r a t i o n  of the leading-edge reg ion ,  
denoted by 'pp - 'pa. 
l e v e l s  of the rms su r face  p re s su res  are given i n  dec ibe ls .  Also shown i n  fig- 
u r e  6 are a d d i t i o n a l  measurement va lues  a t  t h e  movable t ransducer  p o s i t i o n  near  
t he  t r a i l i n g  edge a t  97.2 percent  o f  the  chord. 

These r e s u l t s  are also presented i n  figure 6 ,  where the 

It is  seen t h a t  f o r  both 301 and 477 Hz, the s u r f a c e  pressure  amplitude 
v a r i e s  i n  approximate proport ion t o ,  and is approximately i n  phase with,  t h e  
s u r f a c e  a c c e l e r a t i o n  ( p o s i t i v e  as directed from t h e  su r face  i n t o  t h e  medium). 
The surface-pressure chordwise d i s t r i b u t i o n s  are smooth and have minimum V a l -  
ues and maximum phase change near  t he  c e n t e r  of  t h e  s inuso ida l  o s c i l l a t i o n  (a t  
41.7 percent  of  the chord) .  

The results of  t h e  spanwise p re s su re  survey for  a 477-Hz case are shown 
As previous ly  dibcussed,  the  l e v e l s  from the  s l i g h t l y  e leva ted  i n  f i g u r e  7. 

movable t ransducer  are referenced  t o  va lues  measured a t  flush-mounted transdu- 
cer l o c a t i o n s .  The p res su re  phase is i n v a r i a n t  over t he  span, whereas the  pres- 
s u r e  l e v e l  is  e s s e n t i a l l y  uniform over most of the span. The surface p res su re  
diminishes  i n  l e v e l  as the edge of the  a i r f o i l  s e c t i o n  is  approached. 

Predict ions-  of the a c o u s t i c  f i e l d  and comparisons w i t h  experimental  values . -  
The measured values  of su r face  pressure  and v e l o c i t y  may be used i n  t he  theory,  
as represented by equat ion (51, to  p r e d i c t  t h e  a c o u s t i c  f i e l d  f o r  comparison 
w i t h  the  experimental  va lues .  S u f f i c i e n t  information is known t o  eva lua te  equa- 
t i o n  (5) accura t e ly ,  because the  p res su re  ampli tudes on t h e  side of t he  a i r f o i l  
not  conta in ing  p res su re  t ransducers  are i d e n t i c a l  w i t h  va lues  obtained from the 
instrumented s i d e ,  b u t  t he  phase of  t h e  p re s su re  is  s h i f t e d  by 1800. This  is 
t r u e  because of a i r f o i l  geometric symmetry, motion antisymmetry, and t h e  f a c t  
t h a t  a l l  measured q u a n t i t i e s  (motion, surface p res su re ,  and sound pressure)  were 
s inuso ida l  with no d i s c e r n i b l e  harmonics. 

The contour of the a c t u a l  experimental  model is approximated by plane seg- 
ments (see f i g s .  8(a> and ( b ) ) .  Because of a i r f o i l  symmetry, t he  corresponding 
segments on each s i d e  of  t he  a i r f o i l  can be considered simultaneously i n  the 
c a l c u l a t i o n s .  The amplitude and phase of  t h e  s u r f a c e  p re s su re  are considered 
uniform over t h e  segments, whereas t h e  chordwise dependence for v e l o c i t y  i s  
taken i n t o  account f o r  each segment. I n  using equat ion ( 5 )  t o  develop t h e  
model, the  o r i e n t a t i o n  and p o s i t i o n  of t h e  s u r f a c e  w i t h  regard t o  an observer  
i n  the  sound f i e l d  are accura t e ly  def ined.  

The a i r f o i l  equiva len t  model as shown i n  f i g u r e  8 ( b )  i s  comprised of e i g h t  
elements t h a t  r a d i a t e  independent ly ,  which is c o n s i s t e n t  with t h e  i n t e g r a l  form 
of equat ion (5 ) .  
equat ion ( 5 )  becomes 

For an observer  i n  t he  far f i e l d  of each ind iv idua l  element,  
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where 

and 

m= 1 

where t h e  small c o n t r i b u t i o n  from t h e  l as t  i n t e g r a l  of equat ion  (5)  has  been 
excluded (see appendix B ) .  The symbols SPV and SPP are complex q u a n t i t i e s  
and are r e s p e c t i v e l y  t h e  sound p res su re  due t o  t h e  su r face -ve loc i ty  term and 
t h a t  due t o  t h e  sur face-pressure  term. 

Details of t h e  eva lua t ion  of (SPV), and (SPP), are contained i n  appen- 
d i x  B. Fa r - f i e ld  approximations f o r  each element m are employed; however, 
t h e  summation procedure render ing  p' (2,  t )  
i n  which the far f i e l d  o f  t h e  a i r f o i l  i t se l f  is  not  assumed. 

r e p r e s e n t s  a numerical i n t e g r a t i o n  

The p r e d i c t i o n  of t h e  a c o u s t i c  f i e l d  f o r  each experimental  case is deter- 
mined by us ing  equat ion  ( 7 )  w i t h  the  va lues  of (SPV), and (SPP), obtained 
from equat ions  ( B 8 )  and (B9),  r e s p e c t i v e l y .  The experimental  r e s u l t s ' c o n t a i n e d  
i n  table  1 and t h e  a i r f o i l  s e c t i o n  geometric cons t an t s  and t h e  phys ica l  con- 
s t a n t s  i n  table B1 are used t o  eva lua te  equat ions  ( B 8 )  and (B9). 

I n  f i g u r e s  9 and 10 are presented the  no i se  data t h a t  were measured simul- 
taneously wi th  t h e  s u r f a c e  p re s su res  and a c c e l e r a t i o n s  g iven  i n  f i g u r e  6 ( a l s o  
tab le  1 ) .  Presented are t h e  sound p res su re  l e v e l s  and corresponding phases by 
which t h e  s i n u s o i d a l  sound p res su res  lead the  . a i r f o i l - s u r f a c e  a c c e l e r a t i o n  a t  
t h e  leading-edge reg ion ,  denoted by 'psp - ' p a ,  as a func t ion  of t h e  d i r e c t i v i t y  
ang le  8 .  
midspan of t he  a i r f o i l  s e c t i o n  a t  a r a d i u s  of 2.210 m (7.25 f t )  from t h e  c e n t e r  
of o s c i l l a t i o n .  

A l l  data are f o r  measurement l o c a t i o n s  i n  t h e  plane b i s e c t i n g  the  

Also included i n  f i g u r e s  9 and 10 are the  corresponding t h e o r e t i c a l  predic- 
t i o n s  determined from equat ion  ( 7 )  by us ing  t h e  experimental  data from table  1 .  
A l l  t h e o r e t i c a l  l e v e l s  i nc lude  a negat ive  0.7-dB adjustment t o  account f o r  t h e  
spanwise-diminished s u r f a c e  p re s su re  l e v e l s  near  t h e  a i r f o i l - s e c t i o n  edges (see 
f ig .  7 ) .  

DISCUSSION OF RESULTS 

It is  seen t h a t  f o r  both 301 Hz ( f ig .  9)  and 477 Hz ( f i g .  IO), t h e  t h e o r e t i -  
c a l l y  p red ic t ed  a c o u s t i c  l e v e l s  are h igher  t han  t h o s e  measured by some 2 t o  5 dB, 
depending on d i r e c t i v i t y  a n g l e  6 .  The c l o s e s t  agreements appear near  8 = 90°, 
where i t  is noted t h e  sound p res su re  would be expected t o  be determined f o r  t h e  
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most p a r t  by the  t o t a l  f l u c t u a t i n g  a i r f o i l  l i f t ,  s i n c e  the  retarded times f o r  
a l l  p a r t s  of t h e  a i r f o i l  are approximately equa l  f o r  t h e  measurement pos i t i on .  

O f  equal s i g n i f i c a n c e  t o  sound pressure  l e v e l  f o r  eva lua t ion  of t he  
theore t ica l -exper imenta l  comparison are the  phase values .  For a l l  cases agree- 
ment may be considered acceptable near B = 900. However f o r  301 Hz a t  B rang- 
i n g  from 12O t o  1320, t h e  t h e o r e t i c a l  change i n  phase is  about 300 larger than  
the  measured change. For 477 Hz a t  t he  same range,  t he  t h e o r e t i c a l  change 
i n  phase is about 50° larger than t h e  measured change. 

Note t h a t  t he  r e s u l t s  f o r  t h e  microphone a t  B = 156O were not  included 
i n  t h e  a c o u s t i c  f i e l d  c a l i b r a t i o n  (see f i g .  5 ) .  Therefore ,  no conclusions may 
be drawn on t h e  basis of the  data po in t s  f o r  t h i s  value of e. 

I n  view of t h e  disagreement between t h e  t h e o r e t i c a l  and experimental  
r e s u l t s ,  an e r r o r  a n a l y s i s  was performed (see appendix C). The e r r o r  a n a l y s i s  
i nd ica t ed  t h a t  t h e  experimental  no ise  data of f i g u r e s  9 and 10 should be accu- 
rate wi th in  k1 dB i n  sound pressure  l e v e l  and about k12O i n  phase f o r  a t  least  
14  of t h e  16 microphones. However, because of t h e  number of independent measur- 
i n g  systems, only a smaller n e t  e r r o r  could r e s u l t  i n  t he  o v e r a l l  d i r e c t i v i t y  
determinat ion of sound pressure l e v e l  and phase. 

The accuracy of the  t h e o r e t i c a l l y  p red ic t ed  curves of f i g u r e s  9 and 10 is  
dependent on t h a t  of t he  s u r f a c e  measurements and t h e  t h e o r e t i c a l  model. On 
the  basis of a cumulative component a n a l y s i s ,  w i t h  allowances f o r  poss ib l e  exper- 
imental  procedural  e r r o r ,  an ample e r r o r  band t o  a s s ign  these curves should be 
k1.5 dB i n  l e v e l  and +I50 i n  phase. 

From t he  r e s u l t s  of t h e  e r r o r  a n a l y s i s ,  i t  is concluded t h a t  f o r  t h e  case 
considered,  the Kirchhoff s o l u t i o n  d i d  not  accu ra t e ly  render  the  q u a n t i t a t i v e  
r e l a t i o n s h i p  between t h e  sur face-ve loc i ty  and sur face-pressure  d i s t r i b u t i o n s  
and the  r e s u l t a n t  a c o u s t i c  f i e l d .  

It is of i n t e r e s t  t o  note  t h a t  t h i s  same t rend  of overpredic t ing  t h e  sound 
has been found i n  o the r  q u a n t i t a t i v e  s t u d i e s ,  which involved an analogous prob- 
lem of noise  from s t a t i o n a r y  a i r f o i l s  encounter ing t u r b u l e n t  f low,  as shown i n  
r e fe rences  11 and 12. I n  c o n t r a s t ,  good q u a n t i t a t i v e  r e s u l t s  were obtained i n  
s t u d i e s  of no ise  of high-tip-speed r o t o r s  (refs. 13 and 141, where t h e  s o l u t i o n  
of Kirchhoff ' s  problem f o r  surfaces i n  convect ive motion was employed us ing  nor- 
mal sur face-ve loc i ty  d i s t r i b u t i o n s  and ca l cu la t ed  steady-loading d i s t r i b u t i o n s  
(unsteady loading  being ignored) .  

This  experimental  s tudy tests s u i t a b i l i t y  of Ki rchhoff ' s  formulat ion f o r  a 
p a r t i c u l a r  a p p l i c a t i o n ;  t he re fo re  t he  r e s u l t s  cannot be genera l ized  f o r  a l l  aero- 
acous t i c  a p p l i c a t i o n s  involv ing  su r faces .  The tests were conducted f o r  only two 
f requencies ,  whose a c o u s t i c  wavelengths were comparable w i t h  t he  chord l eng th ,  
and f o r  only one type  of o s c i l l a t o r y  a i r f o i l  motion. 
r e fe rence  11, t h e r e  are s i g n i f i c a n t  conceptual d i f f e r e n c e s  i n  t h e  no i se  produced 
by su r face  motion and t h a t  produced from a s t a t i o n a r y  su r face  opposing f l u i d  
motion, although the same ae roacous t i c  theory  embodies both.  The r e s u l t s  do, 
however, s e rve  t o  ques t ion  t h e  usefu lness  of normal sur face-pressure  measure- 

Also, as pointed o u t  i n  
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ments used i n  Ki rchhof f ' s  formula t ion  t o  p r e d i c t  n o i s e  a c c u r a t e l y  f o r  a r b i t r a r y  
s i t u a t i o n s  involv ing  surface-flow i n t e r a c t i o n .  

A n a t u r a l  i n c l i n a t i o n  may be t o  cons ider  t h a t  t h e  n e g l e c t  of v i scous  effects 
i n  t h e  Kirchhoff formula t ion  should not  g ive  rise t o  as much disagreement as 
shown i n  t h e  r e s u l t s .  However i n  another  r e s p e c t  t h e  sur face-pressure  data 
( f ig .  6 )  suggest t h a t  v i scous  effects may no t  be n e g l i g i b l e .  The p res su re  load- 
i n g s  appear t o  approach cons tan t  l e v e l s  a t  t h e  edges r a t h e r  than t end ing  t o  
ze ro .  This behavior is c o n s i s t e n t  wi th  t h a t  found i n  some recen t  s t u d i e s  of 
unsteady aerodynamics (refs. 19 and 20) demonstrating f a i l u r e  of t h e  classical 
Kutta-Joukowski condi t ion  a t  t h e  edges of a i r f o i l s  ope ra t ing  a t  high reduced 
frequency. Such d i s c r e p a n c i e s ,  as explained i n  r e fe rence  21, may be due t o  
l i n e a r  v i scous  effects. If it is indeed t r u e  t h a t  one must cons ider  a i r f o i l  
t heo ry  f o r  unsteady, v i scous  flow t o  describe the  sur face-pressure  d i s t r i b u t i o n  
proper ly ,  then it may be suggested t h a t  one should no t  ignore  v i s c o s i t y  i n  t h e  
p r e d i c t i o n  o f  the sound f i e l d .  

CONCLUSIONS 

For a p a r t i c u l a r  r i g i d  body undergoing v i b r a t o r y  motion, t h e  q u a n t i t a t i v e  
r e l a t i o n s h i p  between su r face -ve loc i ty  and sur face-pressure  d i s t r i b u t i o n s  and 
t h e  r e s u l t a n t  a c o u s t i c  free f i e l d  was examined and compared w i t h  t h a t  p red ic t ed  
from the  Kirchhoff i n t e g r a l  formula t ion .  

To allow d e f i n i t i v e  comparison f o r  p re s su re  l e v e l s  and phase, t h e  a c o u s t i c  
data generated were pure tone and t h e  tests were conducted i n  a s t a t i o n a r y  
medium (no a i r f l o w ) .  A symmetrical a i r f o i l  s e c t i o n  was o s c i l l a t e d  a t  small 
amplitudes a t  two f requencies :  301 and 477 Hz. These f r equenc ie s  correspond 
t o  va lues  of t he  compressible frequency parameter (wave number times a i r f o i l  
semichord) of 1.3 and 2.0. 

The theo ry  w a s  app l i ed  by us ing  measured a i r f o i l  su r f ace  p re s su re  and 
motion t o  p r e d i c t  t h e  sound f i e l d ,  which was compared wi th  experimental  va lues .  
It w a s  found t h a t  f o r  both test f r equenc ie s ,  

1 .  The app l i ed  theory  o v e r p r e d i c t s  t h e  measured sound p res su re  l e v e l  by 
2 t o  5 dB, depending on d i r e c t i v i t y  ang le .  

2 .  The phase v a r i a t i o n ,  over a large range of d i r e c t i v i t y  ang le ,  is over- 
p red ic t ed  by t h e  theory .  

3. The c l o s e s t  o v e r a l l  agreement f o r  sound pres su re  l e v e l  and phase appea r s  
nea r  t h e  d i r e c t i v i t y  angle which corresponds t o  a l o c a t i o n  perpendicular  t o  t h e  
a i r f o i l  chord l i n e .  However, even he re  d i f f e r e n c e s  are s i g n i f i c a n t .  

Langley Research Center 
Nat iona l  Aeronautics and Space Administration 
Hampton, VA 23665 
October 31, 1977 
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APPENDIX A 

THE KIRCHHOFF FORMULATION 

Th i s  appendix g i v e s  a summary of the  d e r i v a t i o n  o f  a s o l u t i o n  t o  t h e  inhomo- 
geneous scalar wave equat ion .  
as Ki rchhof f ' s  integral  formula t ion  of Huygens' p r i n c i p l e ,  which is shown t o  be  
equ iva len t  t o  equat ion  (51, t h e  equat ion  a p p l i e d  i n  t h i s  experimental  s tudy .  

T h i s  s o l u t i o n  c o n t a i n s  t h e  s u r f a c e  i n t e g r a l  known 

Consider the  sound i n s i d e  a given domain as being determined by t h e  sound 
sources  i n s i d e  t h i s  domain and by sound which e n t e r s  from t h e  ou t s ide .  Mathe- 
m a t i c a l l y ,  one relates t h e  sound f i e l d  t o  i t s  sources  by i n t e g r a t i n g  an inhomo- 
geneous d i f f e r e n t i a l  equat ion .  L e t  '4 r e p r e s e n t  a scalar p o t e n t i a l ,  l e t  
G ( 9 , t )  
H ( 3 , t )  be t he  d e n s i t y  of t h e  source func t ion  e x t e r n a l  t o  domain V.  It is 
assumed t h a t  throughout t h e  domain V ,  t he  medium con ta in ing  t h e  source  G ( $ , t )  
is homogeneous and i s o t r o p i c  and con ta ins  no s u r f a c e s  which would re f lec t  or 
scatter sound waves. Within domain V the  scalar f u n c t i o n  '4 sat isf ies  t h e  
equat ion  

be the  d e n s i t y  o f  the  source  func t ion  i n t e r n a l  to  a domain V ,  and l e t  

where c is t h e  speed of sound. 

L e t  domain V be c losed  and bounded by a r e g u l a r  s u r f a c e  S and l e t  0 
'4 and 

t inuous  throughout V and on S. Given t h i s ,  Green's i n t e g r a l  is  v a l i d :  
be any two scalar p o t e n t i a l s  whose first and second d e r i v a t i v e s  are con- 

where a/an denotes  d i f f e r e n t i a t i o n  a long  t h e  normal t o  S (normal p o s i t i v e  
i n t o  V ) .  Let 2 be a f i x e d  observa t ion  p o i n t  w i th in  V and 

be t h e  d i s t a n c e  of t h e  f i x e d  p o i n t  from a v a r i a b l e  p o i n t  3. (See f i g .  A 1  .) 

I n  equat ion  (A2), '4' is i d e n t i f i e d  wi th  the  des i r ed  s o l u t i o n  o f  the  wave 
equat ion  (Al l .  The func t ion  @ is  taken as a f u n c t i o n  r e l a t i n g  t h e  r e s u l t  i n  
t h e  f i e l d  a t  2 due t o  an a c t i v i t y  a t  $. 

The Kirchhoff t heo ry  of i n t e g r a t i o n  is  used t o  o b t a i n  '4' (e.g. ,  refs. 1 
and 22 t o  25) from the  wave equat ion  ( A l ) ,  t h e  p re sc r ibed  cond i t ions  of con t i -  
nu i ty  (eq.  (A2)) ,  and a choice  of func t ion  @. To allow t h e  desired s o l u t i o n ,  
func t ion  @ 
equat ion  

is convenient ly  taken as t h e  elementary s o l u t i o n  o f  the  homogeneous 
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which is 

@:.s(t-;) r ( A 5  

This  is t h e  free-field Green's func t ion  (see ref. 71, where A is an a r b i t r a r y  
cons t an t ,  t is t i m e ,  and 6 is t h e  Dirac delta ( o r  impulse) func t ion .  The 
r e s u l t  is t h e  s o l u t i o n  t o  t h e  inhomogeneous scalar wave equat ion  ( A l ) ,  a l s o  
known as  t h e  Kirchhoff formula,  

"(2,t) = - 1[G] r dV + 4lT 

where t h e  symbol [G] = G ( ? , t  - g) denotes a func t ion  taken a t  retarded time 

pt(f) - 1 cr  "["I an a t  - $E]] dS 

. r = t - r .  
C 

I n  equat ion  ( A 6 1  t h e  volume i n t e g r a l  is a p a r t i c u l a r  s o l u t i o n  o f  t he  inhomo- 
geneous wave equation which phys ica l ly  r e p r e s e n t s  t he  c o n t r i b u t i o n  o f  a l l  sources  
G contained wi th in  V. The s u r f a c e  i n t e g r a l  is  a gene ra l  s o l u t i o n  of t h e  homo- 
geneous equat ion  ( A 4 ) ,  where t h e  i n t e g r a l  extends over S and accounts f o r  a l l  
sou rces  H l oca t ed  o u t s i d e  V. 

The Kirchhoff formula can be app l i ed  f o r  an i n f i n i t e  reg ion  V conta in-  
i n g  t h e  observer p o i n t  2 and bounded i n t e r n a l l y  by a c losed  s u r f a c e  S. The 
r e s t r i c t i o n  formerly introduced - t h a t  t h e  su r face  of i n t e g r a t i o n  is a c losed  
s u r f a c e  conta in ing  - is sat isf ied by assuming t h a t  a po r t ion  of t h e  s u r f a c e  
is d i sp laced  t o  i n f i n i t y ,  where its c o n t r i b u t i o n  t o  t h e  i n t e g r a l  is  zero .  (See 
f i g .  A 2 . )  Such a procedure is v a l i d  whenever the  Sommerfeld cond i t ion  is satis- 
f ied ,  t h a t  is ,  when t h e  product Y r  is  less  than some c o n s t a n t ,  which is  always 
t h e  case f o r  t h e  a c o u s t i c  phenomena considered here. 

2 

I n  r e fe rence  2 ,  Curle employed equat ion  ( A 6 1  and t h e  L i g h t h i l l  formulation 
of aerodynamic sound t o  determine t h e  in f luence  of s o l i d  boundaries upon t h e  
sound f i e l d .  

The s u r f a c e  i n t e g r a l  o f  equat ion  ( A 6 1  is what may be descr ibed  as 
Kirchhoff ' s  i n t e g r a l  formula t ion  of Huygens' p r i n c i p l e ,  as seen i n  refer- 
ence 1 .  I n  equat ion  ( A 6 ) ,  i f  one l e t s  Y equal  t he  v e l o c i t y  p o t e n t i a l ,  not-  
i n g  t h a t  t h e  a c o u s t i c  p re s su re  
Vn (-vy'€') 3 = -E, then one o b t a i n s  

an 

p ' ( 9 , t )  = .c2(p - Po) = p0aY!/at and v e l o c i t y  

( A 7  
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where i n  t h e  i n t e g r a l s ,  p '  is the  su r face  gage pressure  and 

which is the  cos ine  of the angle  between t h e  s u r f a c e  normal and vec to r  
? = 2 - $ (see f i g .  1 ) .  Equation (A71 is i d e n t i c a l  w i t h  equat ion (5) and, 
except f o r  t h e  omission of convect ive effects, is t h a t  found by F a r a s s a t  i n  
r e fe rence  9.  
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DERIVATION OF THEORETICAL MODEL 

The purpose of t h i s  appendix i s  t o  show t h e  d e r i v a t i o n  of t h e  v e l o c i t y  
term (SPV), and t h e  p re s su re  term (SPP), f o r  t h e  t h e o r e t i c a l  model used 
f o r  t h e  p red ic t ion  o f  t h e  a c o u s t i c  f i e l d  i n  t h e  experimental  s ec t ion .  

Each of t h e  r a d i a t i n g  elements i l l u s t r a t e d  i n  f i g u r e  8 (b )  is  approximated 
by s t r a i g h t  plane segments of which t h e  c r o s s  s e c t i o n  and i ts  coord ina te  sys- 
tem are shown i n  f i g u r e  B1. I n  t h i s  f i g u r e  t h e  o r i g i n  r e p r e s e n t s  t h e  p i v o t a l  
po in t  of t he  r i g i d - a i r f o i l  v i b r a t i o n ,  and t h e  observer a t  p o s i t i o n  x i s  a t  a 
cons t an t  r a d i u s  ro from t h e  o r i g i n  and is a t  an ang le  B with  r e s p e c t  t o  t h e  
x2-axis. 

+ 

The observer remains i n  t h e  ~ 2 - ~ 3  plane.  

I n  f i g u r e  B1 t h e  two segments r ep resen t ing  t h e  element m are denoted as 
t o p  and bottom. The coord ina te  y3 is given by 

Y3 = b[c - rl(5 - 5011 

f o r  t h e  t o p  segment and by 

Y3 = -b[c - rl(5 - 50)] 
f o r  t h e  bottom segment. Here 

b semichord of t h e  a i r f o i l  

5 u n i t  p o s i t i o n  on y2-axis,  y2/b 

rl s l ope  of segment m 

8 u n i t  h e i g h t ,  y3/b, a t  c e n t e r  of segment m 

The normal fit f o r  t h e  t o p  segment is  

fit = 

whereas f o r  t h e  bottom 

fib = A 
d m  

segment one o b t a i n s  

The s u r f a c e  v e l o c i t y  vn i n  equat ion  (8) f o r  element m h a s  l i n e a r  v a r i a t i o n  
i n  t h e  y2-direction. The p resc r ibed  s i n u s o i d a l  v e l o c i t y  is 

v t  = iwcrb exp iut([c - q(5 - cO)]j + $} 
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f o r  the  t o p  and 

f o r  t h e  bottom, where a is the angular  displacement.  The s u r f a c e  p re s su re  p' 
i n  equat ion  (9) is assumed t o  be uniform and s i n u s o i d a l  over  each segment. 
the  t o p  segment of element m ,  p '  = Pm exg i w t ,  and f o r  t h e  bottom segment, 
p*  = -Pm exp iot, because of symmetry of t h e  a i r f o i l  and antisymmetry of t h e  
s u r f a c e  motion. The term Pm is  a complex q u a n t i t y  i n  o rde r  t o  a l low phase 
s p e c i f i c a t i o n  between p res su re  and s u r f a c e  motion. 
normal v e l o c i t y  vn is  

For 

For t h e  t o p  segment t h e  

and, correspondingly f o r  t he  bottom 

Vn,b = 3 . fib = -Vn,t 

1 +![E - rl(S - Eo']) 
i w t  { m- 

L 

segment , 

For the  i n t e g r a l s  of equa t ions  and ( 9 )  the  d i f f e r e n t i a l  s u r f a c e  area 
f o r  the  element m is dS = dyld*d~2 = d y l b d m  d5. The coord ina te  
y1 v a r i e s  from -R t o  &, where R is t h e  semispan of t h e  a i r f o i l .  The f o l -  
lowing is obtained f o r  equat ion  (8) :  

. 

J 

Equation ( 9 )  becomes 

The rad i i  
dS of t he  
e"t is t h e  

r t  and r b  are r e s p e c t i v e l y  the  d i s t a n c e  from t h e  d i f f e r e n t i a l  area 
top  and dS of t h e  bottom segment t o  t h e  observer  a t  x. The ang le  
ang le  between t h e  normal a t  

+ 
dS f o r  the  t o p  segment and the  r a d i u s  - 

r t .  Correspondingly, gb is the  angle  between the  normal f o r  t h e  bottom seg- 
ment and rb .  

From the  coord ina te  system i l l u s t r a t e d  i n  f i g u r e  B1, t h e  c e n t e r  of element 
m a t  5 = c0 = (51 + 52) /2  is a t  a r a d i u s  rm from 2. The va lue  o f  r m  i s  
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given by rm = \Ira + (Sob) + 2r0Cob cos  B .  The r a d i u s  rm makes an ang le  Bm 
with r e spec t  t o  t h e  y2-axis which is related by 

The distance from a po in t  w i th in  element m on t h e  y2-axis t o  2 is approxi- 
mated c l o s e l y  by rm + b(5 - 50) cos  Bm. Therefore ,  t h e  r a d i u s  rt  from a 
po in t  on t h e  t o p  segment t o  x is 

rt =: rm + b(C - C0) COS Bm - bp - rl(5 - 5011 s i n  Bm 

For t h e  bottom segment t h i s  r a d i u s  is 

r b  z r m  + b(5  - 50) COS Bm + bp - V(S - 5011 s i n  Bm 

Rearranging t h e  express ions  f o r  rt  and r b  g ives  

where 

k wave number, W / C  

k0 = kbs s i n  8, 

kX = kb COS 8, 

kS = kbn s i n  8, 

The cos ines  of angles  et and 6, are approximated as fol lows:  

J 
N 

The preceding approximations f o r  r t ,  r b ,  cos e t ,  and cos  e"), are v a l i d  f o r  
each po in t  on the  segments because R CC r m ,  where R is t h e  a i r f o i l  semispan 
on t h e  y l -ax is .  

For t h e  i n t e g r a l s  o f  equat ions  (B2) and (B3), only f i r s t - o r d e r  approxima- 
t i o n s  are requi red  f o r  r t  and rb  i n  t h e  denominators. These are determined 
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by eva lua t ing  t h e  previously obtained va lues  of rt and r b  a t  the  c e n t e r  of  
each segment, which are defined as r t ,o and r b , o  and are found to  be  

To eva lua te  equat ions  (B2) and (B3), it-is notedruthat  t he  va lues  obtained 
f o r  t he  r a d i i  r t  and r b  and the  angles e t  and 8b are independent of the  
yl-coordinate .  Also, the only dependence of these va lues  on t h e  v a r i a b l e  5 is 
contained i n  the  last  terms of the approximations f o r  r t  and Pb i n  equa- 
t i o n s  (B5). Upon i n t e g r a t i o n  and rearrangement,  equa t ions  (B2) and (B3) become, 
r e spec t ive ly  , 

+ - -  ::yo $} 
and 

where 

These equat ions ,  when a p p l i e d  t o  equat ion (71, render  t he  p red ic t ion  of the  
sound f i e l d  as based on the a i r f o i l  equiva len t  model shown i n  f i g u r e  8 ( b ) .  
t l o n s  (B8)  and (B9) are ca l cu la t ed  by us ing  experimental  resul ts  of table l and 
the coord ina tes  and s lopes  of t h e  a i r f o i l  equiva len t  model given i n  table B1. 
The p red ic t ion  ignores  the nea r - f i e ld  term of equat ion (5). This  term is e a s i l y  
accounted for i n  equat ion (B9) by mul t ip ly ing  Am by t h e  f a c t o r  1 + ( l / i k r t , o )  

Equa- 
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and B, by t h e  f a c t o r  1 + ( l / i k r b , o ) .  However, t h e  c o n t r i b u t i o n  of t h e s e  fat- 
t o r s  is s m a l l  because t h e  observer  a t  x is considered i n  t h e  far f i e l d  of t h e  
element m. 

-4 

A more approximate t h e o r e t i c a l  model is  obta ined  when one assumes t h a t  t h e  
a i r f o i l  t h i ckness  is  ze ro  ( f ig .  8 ( c > ) ,  i n  which case t h e  va lues_of  E an! ~l 
of equat ion  ( B l )  become zero ;  t h i s  r e q u i r e s  
r t ,o = rb 
t h e  (SPVIm term i n  equat ion  (B8)  is zero .  

ko = ks = 0,  cos e t  = -cos ob,  
= r m ,  Am = G, and Cm = b. A s  a r e s u l t ,  t h e  c o n t r i b u t i o n  from 

I n  add i t ion  t o  t h e  preceding approximation i n  regard t o  th i ckness ,  i f  t h e  
va lue  of kx m u l t i p l i e d  by t h e  width of t h e  element 52  - 51 is  small, t hen  
t h e  terms Am and B, each approach the  va lue  - i ( 5 2  - 51).  The t o t a l  f o r c e  
on t h e  element m is 2Pm(2&)(52 - 5 l ) b  5 Fm; s u b s t i t u t i n g  t h i s  va lue  i n  equa- 
t i o n  (B9) g i v e s  

(SPP), = iFmk cos  6 t  exp [h(t - ?)] 
41~rm 

(BIOI 

Now i f  t h e  prev ious ly  mentioned nea r - f i e ld  f a c t o r s  are i n s e r t e d ,  equat ion  (BIOI 
becomes 

which r e p r e s e n t s  t h e  sound radiated by a simple d ipo le .  
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ERROR ANALYSIS 

I n  order  t o  eva lua te  t h e  accuracy of the  comparisons between t h e o r e t i c a l  
and experimental  r e s u l t s  i n  f i g u r e s  9 and 10, one can examine the  i n d i v i d u a l  
experimental  and t h e o r e t i c a l  components and t h e i r  c o n t r i b u t i o n  t o  t h e  
comparisons . 

Experimental Accuracy 

The expected accuracy of the  experimental  no i se  data can be determined 
from the  r e s u l t s  o f  t h e  a c o u s t i c  f i e l d  t e s t  i n  f i g u r e  5.  The f i g u r e  shows a 
scatter e r r o r  of +I  dB i n  sound p res su re  l e v e l  and +120 i n  phase f o r  14  of t h e  
16 independent microphone systems. 

The acce lerometer  measurements are p red ic t ed  t o  be a c c u r a t e  wi th in  6 per- 
c e n t .  T h i s  would correspond t o  an e r r o r  o f  k0.5 dB i n  l e v e l  f o r  the  c a l c u l a t e d  
c o n t r i b u t i o n  of t he  su r face -ve loc i ty  term (eq.  ( 8 ) )  t o  t h e  no i se  p r e d i c t i o n  
equat ion .  A s  w i l l  be shown i n  t h i s  appendix, t h e  c o n t r i b u t i o n  o f  t h e  sur face-  
v e l o c i t y  term is very small compared w i t h  t h a t  of t h e  sur face-pressure  term 
(eq .  ( 9 ) ) .  Therefore ,  any expected acce lerometer  measurement e r r o r  c o n t r i b u t e s  
very  l i t t l e  t o  t h e  expe r imen ta l - theo re t i ca l  comparisons. 

The sur face-pressure  t r ansduce r s  were found t o  g i v e  very r epea tab le  cal i -  
b r a t i o n  and p res su re  measurement r e s u l t s .  
band for the  p re s su re  data,  one may look t o  d i f f e r e n c e s  found between transdu- 
cers i n  regard t o  t h e  s e n s i t i v i t y  r a t i o  
t h e  basis o f  c a l c u l a t i o n s  made by us ing  t h e  s landard  dev ia t ion  of t h e  c a l i b r a t e d  
va lues  of 
l e v e l  and less than fl.OO i n  phase f o r  any datum p o i n t  of f i g u r e  6.  
t h i s  e r r o r  band, an a n a l y s i s  of conceivable e r r o r  bu i ldup  i n  t h e  p r e d i c t i o n  of 
t he  sound f i e l d  r ende r s  an expected e r r o r  band of f 1 . 2  dB i n  sound p res su re  
l e v e l  and k l O o  i n  phase f o r  t h e  t h e o r e t i c a l  curves  of f i g u r e s  9 and 10. 

I n  determining a reasonable e r r o r  

On Sa/S , def ined  i n  equation ( 6 ) .  

Sa/Sp, the  expected e r r o r  is  less than 20.6 dB i n  su r face  p re s su re  
By us ing  

Model Accuracy 

The effect  of t h e  degree of theoretical-model refinement was examined and 
some r e s u l t s  are shown i n  f i g u r e  C1.  I n  t h i s  f i g u r e  va r ious  p r e d i c t i o n s ,  based 
on model re f inements  of f i g u r e  8 ,  are given of sound p res su re  l e v e l  and phase 
as a func t ion  o f  d i r e c t i v i t y  ang le  f3 f o r  two o f  t h e  experimental  cases. No 
experimental  no ise  data are shown. 

It is  seen t h a t  t h e  p r e d i c t i o n s  us ing  t h e  a i r f o i l  equiva len t  model, u sed  
f o r  t h e  t h e o r e t i c a l  curves  of f i g u r e s  9 and 10, are c l o s e l y  approximated by 
us ing  a model w i t h  assumed zero  a i r f o i l  t h i ckness  i n  n o i s e  c a l c u l a t i o n s .  With 
ze ro  th i ckness ,  t h e  va lue  of equat ion  (8)  reduces t o  ze ro  and t h a t  o f  equa- 
t i o n  ( 9 )  i n c r e a s e s  s l i g h t l y ;  t h i s  r ende r s  a t o t a l  p r e d i c t i o n  reduct ion  o f  on ly  
about 0.5 dB i n  sound p res su re  l e v e l  and a change i n  phase of less  than  2.0°. 
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T h i s  shows t h a t  f o r  the  experimental  cases considered i n  t h i s  s tudy ,  a i r f o i l  
contour refinement may be regarded as unnecessary. 

An even more approximate p r e d i c t i o n  is  obta ined  when t h e  a i r f o i l  is 
replaced by two simple d i p o l e s  whose s t r e n g t h  is determined by summing measure- 
ments over t h e  s u r f a c e  and whose p o s i t i o n s  are s p e c i f i e d  near  t he  c e n t r o i d s  of 
t h e  in-phase r eg ions  ( f i g .  8 ( d ) ) .  The c a l c u l a t e d  r e s u l t s  for t h r e e i v a l u e s  of 
t h e  ang le  8 are shown i n  f i g u r e  C1 f o r  t h e  two-dipole approximation and are 
seen t o  be wi th in  1.5 dB of the va lues  for t he  more exac t  models. 

The effect on p r e d i c t i o n  o f  i n c r e a s i n g  t h e  number of r a d i a t i n g  elements 
beyond eight was examined. It was found t h a t  f o r  sur face-pressure  d i s t r i b u -  
t i o n s  similar t o  those  o f  f i g u r e  6 ,  a d d i t i o n a l  refinement inco rpora t ing  more 
elements could r e s u l t  i n  changes of on ly  about 0.1 dB i n  p red ic t ed  no i se  l e v e l .  
Therefore,  f o r  the  cases cons idered ,  e ight  t h e o r e t i c a l  model elements are su f -  
f i c i e n t  for accura t e  p r e d i c t i o n .  

Spanwise compactness is assumed i n  t h e  model and is allowed because o f  
t h e  acous t i c - f i e ld  measuring p o s i t i o n s ,  which were i n  t h e  p lane  perpendicular  
t o  the a i r f o i l  s u r f a c e  a t  t h e  midspan. Analysis has  determined tha t  t h e  maxi- 
mum expected e r r o r  due t o  t h i s  assumption would be  a n e g l i g i b l e  d i f f e r e n c e  of 
10-3 dB i n  sound p res su re  l e v e l  and less than l o  i n  phase.  

Also,  as previous ly  mentioned, there was 0.7 dB sub t r ac t ed  from t h e  theo- 
retical  va lues  o f  f i g u r e s  9 and 10 t o  account f o r  spanwise d iminish ing  l e v e l s  
near the  a i r f o i l  edges. T h i s  should be an accu ra t e  adjustment wi th in  0.1 dB, 
assuming the  spanwise l e v e l  cont inues  t o  drop near  t h e  edge i n  t h e  manner ind i -  
cated i n  f i g u r e  7. 
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TABLE 1.- TEST CONDITIONS AND SURFACE PRESSURE RESULTSa 

Transducer  
f = 301 Hz; f = 301 Hz; f = 477 Hz; f = 477 Hz; 

CL = 82.l p r a d  o = 259.3 W a d  a 30.8 p r a d  a = 97.6 p r a d  
Transduce r  

number 

1 356 7.65 

l o c a t i o n ,  
p e r c e n t  chord Peak p r e s s u r e ,  Phase ,  Peak p r e s s u r e ,  

IPml, pa ' ~ p  - 'Pat lPml 9 Pa 
del3 

1.4 5.77 356 ~ 24.47 

9.7 5.63 , 359 j 21.36 355 1 6.17 

3 

4 

5 

6 

7 

8 

3 22.73 4 '  

0 19.53 

21.2 5.31 359 ! 21.35 ' 355 ~ 6.64 6 20.43 6 

9.26 23 

3.01 139 9.62 140 

164 26.27 1 175 I 7.34 1 171 , 23.53 171 

175 ! 11.03 170 , 34.88 7 70 

48.6 2.91 

61.8 6.44 

78.1 9.49 164 ~ 37.93 

88.9 10.39 , 162 40.26 176 38.34 173 11.96 

I I I 31.9 1.58 0 ! 7.42 i 343 3.09 , 22 
~ 

I ~ 

11.14 1 169 
16' i 

~ 

i171, L 1  



TABLE B1.- CONSTANTS FOR EQUATIONS ( B 8 )  AND (Bg) 

( a )  Phys ica l  and geometric cons t an t s  

Semichord, b ,  m ( f t )  . . . . . . . . . . . . . . . . . . . . . 0.2286 (0.750) 

Semispan, R, m ( f t )  . . . . . . . . . . . . . . . . . . . . . 0.1524 (0.500) 

Measurement r a d i u s ,  ro, m ( f t )  . . . . . . . . . . . . . . . . 2.21 (7.25) 

Speed of sound, c ,  m / s  ( f t / sec)  . . . . . . . . . . . . . . . 344 (1130) 

Mean a i r  dens i ty ,  po, kg/m3 ( lbm/f t3)  . . . . . . . . . . . . 1.20 (0.075) 

Accelerat ion due t o  g r a v i t y ,  g, m / s 2  ( f t / s e c 2 )  . . . . . . . 9.8066 (32.174) 

( b )  Coordinates and s lopes  of a i r f o i l  equiva len t  model 

Element 
number, 

m 

1 

2 

3 

4 

5 

6 

7 

8 

Transducer 
l o c a t i o n ,  

percent  chord 

1 . 4  

9 .7  

21.2 

31.9 

48.6 

61.8 

78.1 

88.9 

E 

0.055 

.IO0 

.117 

.116 

. lo6 

.085 

.058 

.022 

-0.600 

- . 1 1 1  

-. 050 

.040 

.038 

. I O 1  

.094 

. I37 

r 2  

-0.722 

- .522 

-. 300 

- .022 

.273 

.569 

.843 

1 .I66 

-0.833 

- .722 

- .522 

- .300 

-. 023 

.273 

.569 

.843 
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Figure 1.- Coordinate systems and integration region 
for equations ( 1 )  and (4 ) .  
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Figure 2.- Experimental model with illustration of torsional 
mode employed in tests. 
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L-75-3694 
Figure 3.- Experimental model in the 301-Hz configuration. 
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Figure 4.- Plan view of airfoil test assembly in anechoic chamber 
and side view of assembly. 
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Figure 5.- Resul t s  of  a c o u s t i c  f i e l d  test  f o r  t h e  microphones a l l  a t  a r a d i u s  of  
2.210 m (7.25 f t )  from simple source a t  a i r f o i l  l o c a t i o n  ( a i r f o i l  removed). 
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Figure 6.- Surface pressure  l e v e l  and phase as a func t ion  of t ransducer  
l oca t ion .  Chord length:  45.72 c m  (18.0 i n . ) .  
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(a) Actual airfoil model. 

(b) Airfoil equivalent model (eight elements). 

(c> Zero-thickness model (eight elements). 

(d) Two-dipole approximation. 

Figure 8.- Illustrations of actual model and theoretical models used 
in the investigation. 
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Figure 9.- Sound pressure  l e v e l  and phase as a func t ion  of d i r e c t i v i t y  ang le  

f3 
a t  f = 301 Hz. 

a t  a measurement r a d i u s  of 2'.210 m (7.25 f t )  f o r  a i r f o i l  o s c i l l a t i n g  
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Figure 10.- Sound p res su re  l e v e l  and phase as a func t ion  of d i r e c t i v i t y  ang le  
f3 
a t  f = 477 Hz. 

a t  a measurement r a d i u s  of 2.210 m (7.25 f t )  f o r  a i r f o i l  o s c i l l a t i n g  

32 



SURFACE S 

Figure A1. -  I n t e g r a t i o n  region f o r  Kirchhoff formula. 

REGION V 

OBSERVER AT 2 
Figure A2.- I n t e g r a t i o n  reg ion  f o r  Kirchhoff formula when reg ion  V 

is bounded i n t e r n a l l y  by su r face  S. 
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Figure B1.- Coordinate system used in development of sound field 
formulation of an airfoil equivalent element. 
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Figure C1.- Predicted values obtained by using various acoustic models for two 
of the cases considered in the study (no experimental noise data shown). 
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